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and
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The qrowth and selected properties of $Inqle crystals of KC1 doped with Re04- is
described. The crystals have been used as saturable absorbers to mo ulate and control
COZ laser radiation. !Re04- ion<oncentrations in excess of 1017 cm- were achieved
in AC1 with qood optical quality. The room temperature absorption Of the Re04- ion in
KC1 was centered at 936.8 cm-l with 1.5 cm-l inewidth and with absorption cross-

isection determined to be (0.46 + 0.02) x IO-1 cm2. The addition of Lit as a
second do ant resulted i a $plTttinq of the Re04- resonance into two components at
957.5 cm-~ and 900.7 cm-~.

The characteristically sharp resonance of Re04- was not detected in NaCl grown
with NaRe04 additions to the melt.
ReOj- resonance observed

Only with addition of Ca* as a co-dopant was the
The absorption, det cted as a very weak reso ante through

a 9 mm path len th, was”centered at 946.0 cm-
7

f !with linewidth of 6 cm- , over-
lapping the P(2O transition in the 10 micron C02 band.

Key words: alkali halides; Bridgman-Stockbarger; C% laser radiation; crystal growth;
dopant distribution; double-doped crystals; non-linear material; perrhenate ion absorption;
potassiun chloride; saturable absorber; sodiun chloride.

1. Introduction

In a collaborative proqram between Los Almos National Laboratory and Cornell University,
investigators identified a new class of nonlinear materials that have a variety of potential
applications to C02 lasers rho These materials are based on the selective introduction of
impurity Ions into normally transparent alkali halides. The ions are optically active in the
infrared, proclucinqabsorption in the 10 micron wavelength rqion. The first successful
demonstration of this concept was made usinq a KC1 crystal host dooed with the perrhenate
ion Re04-. This material has been successfully used as a room-temperature Passive pulse
compressor for P(28)-transition CO laser pulses [21 and as a short pulse generator for

?P(26) radiation at 105”Kusinq opt cal free-induction decay [3].

117 parallel to the LANL/Cornell proqrcsn,a collaborative effort between LANL and Harshaw/
Filtrol was undertaken to identify potentia’ problems in producing lar9e crystals of perrh@nate
doped alkali halides, The proqr&n was desiqned to produce large crystals of KCl:Re04- with
the eventual extensio~lto NaCl sinqle crystal and hot forged hosts, Of particular interest were
the dopant concentrations achievable and the associated optical quality particularly since
residual strelns in the Czochralski(Cz)-grown Corn@ll crystals completely destroyed their
infrared opttcal quality. The approach at Harshaw was bhsed on another melt- rowth recess,

!!the Brid man-Stockbarger (B-S) technique, successfully applied in the product on of arge NaCl
!windows or the Antaras project at Los Almnos.

An additional point of Interest in the present work was the possibility that the porr enate
absorption in NaCl wuld be shffted to the region of the P(20) C% transition at 944.2 cm-!
and hence that saturable absorption might be realized for this dominant C02 laser line, This
possibility wat projected by the LANL/Cornell tem upon considerln the size of the perrhenate

!ion relative to the lattice parameters of KC1 (3.2A) and NaCl (2,8 ),

The perrhenate ion is estimated to measure approximately 3,1 A in radius, based on similar-
ities between the perrhenates and periodates of potassium as well as of sodiun [4], and the
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published I-O bond dist~nce in the periodate TIOu=~~ perrhen~t~~on–is then tightly
constrained by the crystal field of either host lattice, KC1 or NaCl, but more so in NaCl wherein
the restoring force for the vibrational mode is effectively greaten and the resonance frequency is
accordingly higher.

Because of the dopant-lattice size relationship, it can be expected that the segregation
coefficient, ratio of dopant level in the solid phase to that in the melt, would be <<1 for both
the B-S and Cz melt processes and that there would be a large variation in dopant concentration
along the length of the crystal.

2. Crystal ProductIon and Evaluation

The crystals produced In this Investigation were grown by the Bridgnan-Stockbarger process.
Growth materials were melted and crystallized in platinwn crucibles in selected gases at oce
atmosphere pressure. A series of KC1 crystals was grown in hellm and several crystals were
qrown in arqon. NaCl crystals were grown in N2, air or 02, options spanning a range of
possible effects os the oxidation state of the dopant.

Startinq materials for growth of doped KC1 crystals were once-grown crystals produced frcin
Harshaw-purified KC1 powder plus KRe04 powder (4N purity from Cerac, Inc.) covering decade steps
in the ranqe O.001-10. weiaht percent (0.00026 - 2.5mol percent). Startlngmaterlals for doped
NaCl crystals were Harshaw-purified NaCl powder plus NaRe04 powder (4N purity from Apache
Chemicals, Inc.) arldedat levels of 0.005, 0.10, 1.0 and 10.Owelght percent (0.0011-2.lmol
percent) in a series of runs. Anticipating a semeqatlon coefficient <<1 afidrather llmfted melt
stirrinQ rlurinqqrowth, the dociantwas concentrated In the lower (first-to-be-solidified)end of
the crucible with the intent of reduclnq the variation In Re04- content along the lenqth of
the crystal.

Oouble-doped crystals of KC1 and NaCl were qrown witn the second dopant selected to adjust
the crystal lattice for a desired effect on the Re04- absorption peak. The second dopant for
KC1 was llth{un, added as LiCl, and for NaCl It was calciun, added as CaC12.

Crystals were grow at rates of 1.25-l.60man/hr to sizes ranging from 36 m dianeter x 82 mm
length to 64mmdiiwneter x 195 mm length. Smnples were taken for transmission spectroscopy,
dopant analysis and optical evaluation. The primary Spectroscopic evaluations were done with a
Nicole Fast Fourier Transform Spectraneter. Perrhqnate Concentrations were established by
neutron actlvat’lonanalysls and by a standard colorimetrlc technique, assunlng all rhenium
present as Re04-. Samples were exanlned for Tyndall scattering an~, under polarized white
light, for strain,

3, Results

3.1 KC1—

3,1.1 Crystal Quality

Fiqure 1 shows a64nsndtaneter x 190nsnlonq crystal qrown from acharqe contafntnq O.26
mol percent (1.fiwelqht percent) KRe04 at loadinq and sections of the KC1 cryctal double-doped
with Re04- and Ll+. The KCl:ReO crystal$ qrown In th{s mrk were generallyof qood
Internal quality except at h{qh ~opent levwls. $traln as viewed between cross polarizers was at
a very low level, an improvement souqht relatlve to the cr{qfnal Czochralski-gmwn crystals
(Ffqure 2), Typical bulk defects encountered with dopant addit{ors at or be’ow O.26 mol percent
KRe04 wsre low-to-moderato haze and small discrete scatterfnq centars, such as qas bubbles or
voids or perhaps part~culate inclusions.

Surface defects were encountered in some of the more hfql?lydoped crystals. These occurred
in the fom of fts or channels such as that evident in the lowr crystal In Ffgure 1, a crystal

!grown from a me t doped to the 6,26 mol percent ltve!, It is surrtlstdthat there occurs a
nucleation process for such defects that d~pmds on the local malt composlt$on and the proxfmity
of a surface, such as the cruc~ble wall. This Is suggested further by inclusions at the crystal
wall (F{gure 3) found in one of the crystals doped w{th 0.26 mol pert.nt KRe04. A possible
extension of such process was found in the intertor of & crystal ~lrotmfrom a melt of 2,5 mol
percent KRe04; thare{n a 39 nunlong channel was nucleated ~n the !iurrounds~f optically clear
crystal and rew to a dlmeter in excess of 1 mm,

!
A scanning e!ectron mlcrogran of this dafect

is shown In igure 4, It was shown to contain Re, K and C}, the latter in non-stotchiometric
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ratio. This crystal gave indication of an upper limit on the KRe04 concentration in the form of
high density of inclusions and boundaries between 5“-10” disoriented grains, both evident in the
latter-grown part of the crystal (Figure 5).

3.1.2 Re04- Distribution

The dopant distributions measured in this Woimkrequire that the surface and bulk concentra-
tions be distinguished. This was suggested by the findings discussed above and further by
analytical results shown in Fiqure 6 applying to a slab taken from the cone section of the crystal
of Fiqure 3. The data of Fiqure 6 represent calorimetric determinations accurate and precise to
within 2 percent down to the pm range. It is seen that an order-of-magnitude difference in the
surface to bulk concentrations was measured in this example.

With the secreqation coefficient <<1 and perfect mixinq, a significant increase in dopant
content can be expected alonq the lenqth of the crystal. In order to smooth out the expected
variation, the dopant load was concentrated in the cone end of the crucible. Fi9ure 7 shows the
variation measured colorimetrlcally alonq the surface of two crystals, one grown with a startinq
concentration of 0.2fimol percent (1.0 wt percent) KRe04 in the melt and the other with 0.026
mol oercento The upper curve data point at 1 cm from the start of qrowth represents the average
of the determinations detailed in Figure 6. Order-of-maqnit.udevariation in dopant concentration
is seen in the results of Fiqure 7, even as moderated by the non-uniform initial doping of the
charqe. The effect of the initial concentration of the dopant is evident. The ensuing decline in
dopant concentration is understood to follow from the m~xing that occurred (over 40 hours) in the
melt. The increase that then follows Is that representative of a segregation coefficient <1.

The general level of the dopant surface contents of the two crystals surveyed in Figure 7 are
not in the smne ratio as that of the respective starting compositions: the surfare concentrations
in general are disproportionately high for the l.Owt percent KReO doping relative to the 0.1
wt percent doping, fAgain, It is presmed this signals that the wa 1 effect becomes more
significant with increasing doping,

Bulk concentration data are shown In Figure 8 as a fucction of starting compositions. These
results are based on neutron activation methodology and apply to slabs normal to the growth
direct{on, taken from 195 nwnlong crystals at fixed locations corresponding to 90 percent of the
crystal grown, a standardizing procedure adopted in light of the longitudinal variation in the
Re04- concentration. This result indicates that a controllable dopant concent tion can be
achieved in the bulk material In KC1, with Re04- concentrations approaching 10[~ cm.3 in
hiqhly doped samples.

3,1.3 KCl(ReOa) Spectroscop~

Fioure q shows a typical roan temperature absorption spectrun of KCl:Re04- In the 10
micron reaion. Couplinq thi with neutron activation-determined dopant concentr tions yields a

! !value of (0.46 + 0.0?) x 10- 6 c< for the ahsor tfon cross section at 936.8 cm- .
Thus, absorptioiicoefficients in excess of 4 cm‘~ can be obtained in hlqhly doped Single
crystal smnples.

The KC1 crystal double-doped wlt.h11+ and Re04- was of qood quality, havlna only low
haze in the first half of a 63mm di&neter x 115 tmnlonq crystal and moderate haze with decorated

‘f and 900.7 cm-~, Instead of the single llne at 936.8-1
mosaic boundaries In the secon half. The 10 icron absorption for thfs crystal is characterized
hy two resonances at 9S7.5 cm
s~en {n KCl:Re04-. This chanqe Is attributed to the removal of degeneracy in the fundenental
vibrattofial mode of the Re04- ton.

3.2 NaCl

Crystals grown from melts charged with 0.022mol percent (0.1 wt percent) NeRe04 surpassed
their KC1 counterparts in Quality. That from a 2,1 mol percent NaRe04 melt was comparable to
its high-doped KC1 counterpart, ernhibitln reasonable qualfty over the fir-t-grow half, but

!hardly translucent over the last-grown ha f.

NaCl crystals sinqly-doped with Re04- did not exhibit the sharp resonance characteristic
of the Re04- ton, They exhibited only broad absorption ~n the lt?micron wavelength re {on,

?Such absorption was attributed to a collective lattice mode of vibration that by exper mentation
was shown to be extremely difficult to saturate,
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Only when”Ca++ was added as a co-dopant was the sharp Re04- absorption detected. Growth

of NaCl doped with Re04- and Ca* was predicated cn utilizing Ca to expand the NaCl lattice
such that the Re04- ion could be accommodated [6]. A double-doped crystal, grown in nitrogen from
a melt charged with 0.21 mol percent NaRe04 plus 0.0062 mol percent CaC12, exhibited the Re04-
absorptlon resonance, though very weakly even through a 92 ntnpath. The resonance at room temper-
ature is shown in Figure 10. It is centered at 946.0 cm-i with bandwidth of 6 cm-~,
overlapping the desired 944.2 cm-l P(20) transition in the 10 micron COZ band. The Re04-
io con entration was below the detection threshold of the neutron activation technique (2 x
,o!4,cm5] Based on assuning equal transition probabilities in KC1 and NaCl the stimated

5average R~04- concentration in the spectroscopically probed path was 1.6 x 10t4 cm- .

Other double-doped crystals were grown wtth Re04-/Ca* ratios i the 1-10 range and with
ra++ UP to 0.5 mol percent. fThese hsd an absorption peak at 946 cm- with absorption
coefficient in thp 0.3-0.9 percent/cm range. This is probably too low to be of practical
interest for C02 lasers.

4. W!?!!Xl

This research has shown that Qe04- ion concentrations in the ranqe 1017 cm-3 and
hiaher can be achtpvt~din lartaeKC1 crystals of qood optical quality grown by the Bridgman-
Stockharqer process. KCl:Re04- crystals exhibltinq room-tunperature absorption at 936.8 cm-l
suitable for pulse compression and shfirtpulse Qeneratlon In the 10 micron C02 band can be
Droduced.

The use of Li+ as a second riooantwith Re04- in KC1 yielded resonances at 957.5 cm-l
and 900.7 cm-l, apparently removino degeneracy in the fundamental vibrational mode of the
Re04- ion.

The characteristically sharp resonance of ReO -
NaRe04add4ttons totheme{t. Onlywit.h theadditfon of Ca*asaco-rjo~ant wasthe ReO4-

was not detected In NaCl grown with

reson~nce detected. The room-temperatue absorption was shifted relative to that 1 KC1 and
‘~ bandwidth, hence overlapping the944.2cm-~P(20)was observed at 946.0 cm-l with a 6 cm

transition, However, this was a very weak absorption, presumed to bisso because of low Re04-
ion concentration even in the Ca++ expanded lattice.
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Fiqure 1. Crystals produced In this wo-
aran. Louer: KCl(Re04) of typical size,
6?mn dimeter x 195 mn lono. Upper:
KCl(Re04,Ca).

Figure 2. $traln comparison of
KCl(Re@) crystals. Upper: Czoch-
ralskl-groxm In the LANL/Cornell
progrmn, Lower: Brld~an-Stock-
barger grown in the present pro-
gr8n.

Ffqure 3, Inclusions near wrtphery
of KCl(ReOd) crystal,

Figure 4. $cannin electron microqrm
!of defect $n a KC1 Re04) crystal grown

fran melt wfth 2,5mol %KRe04.
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Figure 5. High inclusion density
zones and.grain boundaries In
heavily doped KCl(Re04) crystal.
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Fiaure 7, Colorhetricallyd etermined R@04-
conceotration d~stribut{on alontlsurface of
KCl(Re04\ crysta~,

Figure 6. Calorimetrically deter-
mined Re04- concentration distribution
across section of KCl(Re04) crystal.
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Fiqure 8. Ibpant concentration
(detewnfned by neutron activation
analys{s) wlth{n KCl(Re04)CrYS-
tals as a function of the initial
dopant loadinq in the melt.
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Fiqure q. Room temperature absorption spectrum
of KCl(ReO~) in the 10 micron reaion.

Fiqu

NaC1
e 10. Room temperature absorption spectrum of
Re04,Ca) In thp 10 micron reqion.

REPRODUCED Ff70M
BEST AVAILAHLE COPY


